Abstract: Pulmonary arterial hypertension (PAH) is a progressive disease that requires validated biomarkers of disease severity. While PAH is defined hemodynamically by right heart catheterization (RHC), brain natriuretic peptide (BNP) is recommended by guidelines to assess disease status. Retrospectively collected data in 138 group 1 PAH patients were examined for the correlation of BNP levels to simultaneously obtained right heart catheterization (RHC). Patients were mostly Caucasian women, with functional class III symptoms, mean BNP of 406 ± 443 pg/mL, and an average right atrial pressure (RAP) of 9.9 ± 5.7 mm Hg and mean pulmonary artery pressure (mPAP) of 47.3 ± 14.7 mm Hg. Significant correlation was demonstrated between BNP and RAP (p = 0.021) and mPAP (p = 0.003). Additional correlation was seen with right heart size on echocardiography: right atrial (RAE; p = 0.04) and right ventricular enlargement (p = 0.03). An increased BNP level was an independent predictor of mortality (p < 0.0001), along with RAP (p = 0.039) and RAE (p = 0.018). Simultaneous collection of BNP at the time of RHC confirmed the correlation of BNP with right heart hemodynamics. The current results reinforce the use of BNP level as a continuous variable to assess disease severity in group 1 PAH.
Introduction
Pulmonary arterial hypertension (PAH) is a progressive disease caused by endothelial proliferation, inflammation, and remodeling of the pulmonary vasculature. These changes in pulmonary vasculature result in narrowing or obliteration of the vessel lumen, thereby increasing resistance to pulmonary arterial blood flow. The right heart hypertrophies to generate higher upstream pressure to overcome the elevated pulmonary vascular resistance (PVR). In the event of undertreatment or treatment failure, the right ventricle (RV) enlarges to the point of failure, leading to cor pulmonale and death. Five-year survival without PAH therapy is approximately 60%; however, appropriate therapy may double life expectancy. Monitoring disease progression and treatment response is therefore critical to appropriate management of this patient population [1] [2] [3] . The assessment of disease status and treatment response assessment is often challenging as there is no ideal biomarker in this regard. Since PAH is hemodynamically defined, patients often must undergo a right heart catheterization (RHC), an invasive and costly procedure, to restage the disease or monitor treatment response.
Nonetheless, other disease severity markers are promoted in published guidelines to assess disease status during follow-ups, such as brain natriuretic peptide (BNP) or N-terminal pro-BNP or the six-minute walk test (6MWT). Indeed, serum levels of BNP correlate with PAH prognosis and have been incorporated into guideline recommendations to characterize patients as lower risk (normal levels) or higher risk (BNP > 180 pg/mL) [4] [5] [6] . In addition, BNP levels have demonstrated a correlation with the World Health Organization functional class (WHO-FC) and hemodynamic parameters established by RHC in patients with PAH [7, 8] . In patients with RV overload, BNP levels have been shown to correlate with mean pulmonary artery pressure (mPAP) and PVR [8] . Decreased survival has also been seen in PAH patients with BNP levels greater than 180 pg/mL [4, 6] .
Limitations of the studies that have focused primarily on the BNP include sample size, cohort inclusion of unstable patients, and missing disease severity markers (e.g., WHO-FC, 6MWT, etc.). Larger studies such as the Registry to Evaluate Early and Long-Term PAH Management (REVEAL) include a plethora of disease severity markers; however, hemodynamic assessment is only required at diagnosis. If a subsequent RHC is performed, the hemodynamic values are only included if obtained within the last year of the current assessment. Lastly, the hemodynamic values that are incorporated into the REVEAL risk score are only pertinent if extremely abnormal, for example, right atrial pressure (RAP) > 20 mm Hg or PVR > 32 Wood units.
In our view, there was potential value in assessing BNP levels that were obtained simultaneously to the hemodynamic parameters from RHC to more precisely determine the correlation and impact on outcome. Additional value was sought from WHO-FC, 6MWT, and transthoracic echocardiographic (TTE) assessment of right heart size and function.
The primary aim of our study was to examine the correlation between the largest cohort of simultaneously obtained BNP level and hemodynamics by RHC in group 1 PAH outpatients. The study also focused on the correlation of BNP as a continuous variable, rather than an arbitrary cutoff level, compared to mortality in PAH patients. Secondary aims included comparison of BNP level to WHO-FC, 6MWT results (six-minute walk distance [6MWD] and heart rate recovery), and right heart size as assessed by TTE.
Materials and Methods
We reviewed and analyzed retrospectively collected data from a subspecialty pulmonary hypertension (PH) practice at a single center (Mayo Clinic, Jacksonville, FL, USA) between 20 July 2004 and 31 August 2015. This study's protocol was approved by the institutional review board (IRB). An electronic medical record review identified diagnostic group 1 PAH patients diagnosed by RHC, with initial hemodynamic measurements of mPAP ≥ 25 mm Hg, PVR > 3 Wood units, and pulmonary capillary wedge pressure (PCWP) ≤ 15 mm Hg, and excluded non-group 1 patients by standard guideline recommendations [9, 10] . A PCWP > 15 mm Hg was permitted if the left ventricular end-diastolic pressure was ≤15 mm Hg. Only patients with a BNP measured simultaneously with their initial RHC and an initial TTE performed within one week of the BNP were included in this study. The study was a retrospective analysis on data routinely obtained and recorded in our PH center clinical database. Exclusion criteria included impaired renal function, defined as a serum creatinine level greater than 1.3 mg/dL and/or creatinine clearance less than 50 mL/min calculated from the Cockcroft-Gault equation, and impaired left ventricular function, defined as a left ventricular ejection fraction less than 40%. Patients were also excluded if they were admitted to the hospital with acute right or left heart decompensation. All patients were older than 18 years old.
The WHO-FC was determined for each patient using a standardized patient classification system [11] . Plasma BNP concentrations were collected in ethylenediamine tetra-acetic acid tubes and assayed on an Alere Triage ® system using a fluorescence immunoassay on the same day as the RHC and within 7 days of the TTE. The 6MWT was performed using a standardized protocol following the American Thoracic Society statement 2002 [12] . The distance walked was recorded as 6MWD. The maximum heart rate during the walk was recorded as the peak heart rate. Additionally, a one-minute post-walk heart rate was obtained. Those two heart rates were used to calculate the heart rate recovery (HRR). A threshold of less than 16 beats per minute in HRR has been shown previously to predict a poor outcome [13] .
Two-dimensional TTE data was obtained through standard transthoracic windows using a 2.5-MHz transducer. The parameters used for this study included right atrial enlargement (RAE), right ventricular enlargement (RVE), and right ventricular dysfunction (RVD). The echocardiographic data of the right atrium and the right ventricle was described semiquantitatively as normal (1), mildly (2), moderately (4), or severely (6) dilated/hypertrophied, or noted to have abnormal function. The results were obtained by the initial interpretation of the TTE by an echocardiography board-certified cardiologist that routinely reads for the PH Center; therefore, an over-read was not performed. Data collected from the RHC included RAP, mPAP, PCWP, and cardiac output (CO). The CO was calculated by the Fick method using indirect calorimetry by metabolic cart (MGC Diagnostics). The cardiac index (CI) was extrapolated from the calculated CO and the patient's body surface area. The PVR was calculated by dividing mPAP minus PCWP by CO.
The data were presented as the mean ± SD. A statistical software package, SAS version 9.4, was utilized for analysis by a biostatistician. Log transformation was used to normalize the distribution of BNP levels. The overall distribution of BNP was skewed given the large range, so a log transformation was used to make the variable closer to normal. All results were adjusted using this log transformation. Correlations of the log of BNP and each of the other parameters of interest were obtained using Pearson's correlation coefficients. Overall mortality was estimated using the Kaplan-Meier method. The univariate and multivariate relationship of each of the parameters to mortality was evaluated using Cox proportional hazards models. Due to constraints with the incident size, multiple multivariate analyses consisting of WHO FC, 6MWD, HRR, TTE parameters, RHC hemodynamic parameters, and BNP as a continuous variable had to be performed. One large multivariate analysis could not be performed with all these variables, so separate analyses for each group of variables was performed. The groups were WHO FC, BNP, 6MWT parameters, right heart size by TTE, and RHC hemodynamic parameters. Univariate analysis for mortality was performed on BNP levels of 76 pg/mL, 180 pg/mL, and 240 pg/mL. The rationale was as follows: 76 pg/mL was the upper limit of normal for our laboratory, 180 pg/mL was determined to be a published cutoff level for PAH patients, and 240 pg/mL was determined to be the mean value of our cohort [6] . The combinations were (1) BNP and RAE > 4, (2) BNP and RAP > 9 mm Hg, (3) BNP and HRR, and (4) BNP, RAE > 4, RAP > 9 mm Hg, and HRR. These pairings were chosen to represent different components of an evaluation of a patient with PAH, including laboratory results, 6MWT, TTE, and RHC. A p-value less than 0.05 was considered statistically significant.
Results
A total of 163 patients with PAH had simultaneous BNP with RHC and TTE performed within the predefined time window. Twenty-one patients were excluded based on elevated creatinine of greater than 1.3 mg/dL and four patients based on decreased left ventricular ejection fraction of less than 40%. Ultimately, 138 patients with PAH met all the inclusion and exclusion criteria. Baseline patient characteristics, WHO-FC, BNP level, 6MWT results, and TTE parameters are summarized in Table 1 . Patients were mostly Caucasian women with WHO-FC III symptoms. The distribution of the PAH classification was as follows: idiopathic (n = 54), connective tissue disease-related (n = 54), portal hypertension-related (n = 16), drug-or toxin-induced (n = 6), congenital heart disease-related (n = 5), heritable PAH (n = 2), and human immunodeficiency virus infection (n = 1). World Health Organization (WHO); right atrial pressure (RAP); mean pulmonary artery pressure (mPAP); pulmonary capillary wedge pressure (PCWP); cardiac output (CO); cardiac index (CI); pulmonary vascular resistance (PVR); transthoracic echocardiogram (TTE); grade is semiquantitatively estimated with 0 = normal, 2 = mild, 4 = moderate, and 6 = severe; right atrial enlargement (RAE); right ventricular enlargement (RVE); right ventricular dysfunction (RVD); pulmonary arterial hypertension (PAH). Results are presented as mean ± SD or n. Categorical data was analyzed using a Fisher's exact test and continuous data was analyzed using a nonparametric Wilcoxson test. Categorical data will not always add up to 100% because of rounding.
The mean BNP level for all patients was 405.9 ± 443.1 pg/mL (median was 239). The natural log of the BNP levels showed significant positive correlations with RAP, mPAP, and PVR, and negative correlations with both CO and CI calculated from the values obtained during the simultaneous RHC (Table 2) . No correlation was seen with PCWP. In comparison to right heart size by TTE, BNP positively correlated with RAE, RVE, and RVD ( Table 2 ). The TTE and 6MWT were performed within 3.1 ± 2.2 days and 4.3 ± 12.3 days, respectively, from obtaining the BNP levels. The 6MWT yielded strong negative correlations to BNP level and 6MWD. The HRR also correlated negatively with 6MWD (Table 2 ). There was a statistically significant correlation between BNP and WHO-FC (Table 2) . Overall mortality for our cohort was 46% at ten years. There was a significant relationship with all three BNP levels (76 pg/mL, 180 pg/mL, and 240 pg/mL) and mortality (Table 3) . Kaplan-Meier mortality curves were not statistically different between each level of BNP measured at 5 and 10 years (Figure 1 ), while BNP levels in the higher range had a stronger correlation. The correlation was most significant when BNP was analyzed as a continuous variable. Other variables that demonstrated a relationship to mortality were RAP, RAE, HRR, and 6MWD (Table 3) . A multivariate analysis was performed on these variables and demonstrated that BNP (p < 0.001), HRR (p < 0.02), and RAE (p < 0.016) were significantly related to mortality (Table 4 ). 
Discussion
The primary aim of our study was to examine the relationship between simultaneously obtained BNP level and hemodynamics by RHC in group 1 PAH outpatients. In this study, we demonstrated that BNP levels significantly correlated with all of the examined hemodynamic variables except PCWP. Our secondary aims to compare BNP to WHO-FC, 6MWD, HRR, right heart size, and mortality demonstrated highly significant correlations between BNP and WHO-FC as well as 6MWD and HRR. The BNP level correlated to a lesser extent with right heart size based on TTE measurements. We also discovered that any abnormally elevated BNP level correlated with poorer outcome. Indeed, any elevation in BNP was more significant than any specific cutoff, a result that differs somewhat from previously published results [2] . Additionally, a significant univariate relationship to mortality existed only for RAP, RAE, and RVD. While the multivariate analysis was limited as described in the methods, RAE was the only variable that showed an increase in mortality as enlargement increased.
By comparison, plasma BNP levels have previously been shown to correlate with various hemodynamic parameters of the right heart and have a prognostic value in patients with PAH [6] [7] [8] . These studies were performed with small cohorts and prior to significant medication-related advances in PAH management. This present study is the largest and most current study performed evaluating BNP and hemodynamic variables obtained simultaneously in stable outpatients. This study also incorporated patients that had both a new and prior diagnosis of PAH. We show that this correlation is stronger with hemodynamics than with right heart size.
The TTE has been used to assess disease severity in patients with PAH without significant evidence to support its benefit. The assumption has been that a TTE may show long-term effects of increased pressures in the heart and will be able to identify the high-risk features of estimated RAP > 15 mm Hg, tricuspid regurgitation ≥ moderate, and the presence of a pericardial effusion, values that all correlate with disease severity and mortality [8, [14] [15] [16] . Nonetheless, there has been only one study comparing BNP and TTE variables to mortality in group 3 pulmonary hypertension patients with idiopathic pulmonary fibrosis [17] . The study included 131 adults with pulmonary hypertension caused by idiopathic pulmonary fibrosis and showed that BNP level, but not any TTE variables, was an independent predictor of survival [17] . Our results showed a significant correlation between BNP and not only the size of the heart chambers, but also with hemodynamic dysfunction of the RV, and to the best of our knowledge, this is the first study showing that BNP may be used reliably as a surrogate for TTE-acquired data in stable patients with PAH. The correlation demonstrated in this study may permit contemporaneous disease assessment with a low-cost, readily available biomarker.
An additional interesting result from the current study is that any elevation in BNP level above normal is significant, rather than levels over a specific cutoff. For example, the first study reporting a specific cutoff used a level of ≥180 pg/mL [6] . They showed that survival was much worse for patients with pulmonary hypertension and right heart dysfunction. Our study confirms those results but also demonstrates that survival is more greatly affected for PAH patients with any BNP level in excess of the upper limit of normal (i.e., ≥76 pg/mL). It should be noted the mean BNP in the current study was higher than previously reported. There was also a statistical trend that a higher BNP level was associated with an increased mortality. This finding that increasing BNP levels correlate with increased mortality has very important clinical significance. In the REVEAL trial, the designated BNP levels used for prognostication were ≤50 pg/mL, indicating a favorable one-year survival, and a level of >180 pg/mL as unfavorable [4] . Levels between those values were not found to have any predictive value [4] . In contrast, the results in the current cohort suggest that any elevation in BNP above the normal range can have a significant impact on mortality and should be of concern.
Other means of assessing PAH severity such as WHO-FC, 6MWD, and HRR have previously been utilized. The strongest correlation with any variable in our study was with 6MWD. Our study supports the findings of Leuchte et al., who showed that 6MWD has a strong negative correlation with BNP [9] . HRR is a strong prognostic measure for patients with PAH, but a correlation with BNP has never been shown [13] . An odds ratio of 28 for BNP > 100 pg/mL and HRR < 16 bpm was shown, but in our study there is a very strong correlation between BNP and poor HRR. The fact that these two variables have a strong correlation with BNP strongly suggests that as BNP increases, the WHO FC should also increase.
This study provides supportive evidence of a more prominent role for BNP levels in the monitoring of PAH patients; however, there are significant limitations. While the BNP level was obtained at the same time as the RHC for each individual patient, the TTE and 6MWT were performed the week prior. Cohort bias exists as this data was obtained from a single referral center for PAH patients. In addition, our patient population consisted of both newly diagnosed patients and also patients with a prior diagnosis of PAH, although there did not appear to be any clinically significant differences in demographics or PAH severity. The effect of PAH treatment was not examined.
In conclusion, our data from the largest cohort of simultaneously obtained RHC and BNP reinforced the correlation of BNP with right heart hemodynamic variables and right heart size. Most significantly, any elevation in BNP was associated with worse survival; therefore, it may serve as an indicator of poorer outcomes. As such, any elevation in BNP in group 1 PAH may be clinically significant. The results reinforce the utilization of BNP to evaluate prognostic status, but are additive to current risk scores in that any elevation represents a clinical concern. In addition, as BNP correlated with right heart enlargement and RV dysfunction as expected, regular assessment of BNP with intermittent utilization of TTE seems reasonable and aligns with published guidelines [9] . The result suggests that BNP may be used as a surrogate for some echocardiographic data in PAH patients. Nonetheless, the results would require multicenter, prospective validation before acceptance as true in all circumstances.
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